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We wtld Jﬁ! with swmadl éfnaf
Mf'&ﬁ‘:’s m this conrse (nd'{’ powes

Small Signal ac Equivalent Circuit
- ~_— — — ~——

» In order to simplify the analysis, we replace the
Transistor by an equivalent circuit (model)

» An AC model represents the AC characteristics of the
. —_—
transistor.

» A model uses circuit elements that approximate the
behavior of the transistor.

» There are two models commonly used in small signal AC
analysis of a transistor:

* e model X
* Hybrid equivalent model*ﬁ( ‘f\a?qanc/-}’&/)

Instructor: Nasser Ismail
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Two-port networks

» Suppose that a network N has two ports as shown below.
How could it be represented or modeled?

» A common way to represent such a network is to use one of
6 possible two-port networks.

» These networks are circuits that are based on one of 6
possible sets of two-port equations. These equations are
simply different combinations of two equations that relate
the variables V, , V,, I, , and I, to one another. The
coefficients in these equations are referred to as two-port

I I
parameters. L~ / & ,
— %0

+ +
Network N
\Y% (dependent sources, \% Output
1 resistors) 2 Port

O———  (Nis a 2-port network) —— 0

Instructor: Nasser Ismail
Summer2020-2021 3
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ENEE234 — Circuit Analysis

Note that I, , 1,, V,, andV, are labeled as shown
by convention. Often there is a common negative
terminal between the input and the output so the figure
above could be redrawn as:

. \v4 |
1 2
o— ————0
+ +
Network N
dependent sources
Input ( ; ’
Port V1 resistors) v Output
(Nis a 2-port network) 2 Port
0— -0

Instructor: Nasser Ismail
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Development of the h-parameter model of BJT: - :
For A BJT the equivalent h parameter model can be |1 - Parameter equations:
described by the following equations: (Vg
y g eq \_é_:hi'\lll—i_hr'\iz_'f (.
:Izi: he di+h, @ &flver
f 7 )
f T '
oy L J
Ql ) § ho Vv,
hr. Va2  ~ Lot S
_ Valo
— _ test Vo
O
i
hi:ﬁ h Vi Cﬂl-—-l\th—kl«(\}[
l, V,=0 Vv, =0 hv= U I -
— Il
|2 I l/l "—-t)
hf :|_ ho == hF _..__
Llv, = o Y2 l= - T,
Vo =
.
1= ‘\f—l\ 'y oV
Instructor: Nasser Ismail

Summer2020-2021
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/\

Summary:

z-parameter model

I, —

Sy

©

ot
.
v

1 § Y11 Y12V ¥21V1

+

\%
§y22 2

° y-parameter model

1, —>
=W\,
* h
11
v
1 hiVo hoaly

° h-parameter model

z- param\at\e/equations ;

Notewmformation only S/
Sy

Q

+
2

v, . .

O

1, —>
1
—\W\, WV
.
211 i
v,
1 2012 0
e}

h - parameter equations :
V= h11 ) |1+h12 -V,

I, :th'Il;_hZZ -V,

Instructor: Nasser Ismail
Summer2020-2021
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BJT Configurations
S Sl
ol ° Common\EJmitter—a CE B | C <\

v

~ W Sa
"\« CommonBase —c¢& | E | C 7,
Irg
B E.

e Common Collector—cc

?

‘ :
‘ " Two-port model | l ’\"'?

of a Vs Zy

network

Terminated Two port network
Includes source and load

EM{ % LIZ-—/’MWI'Z
3\/?’/;.9’&!

Instructor: Nasser Ismail
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L 7l g_f__g(fc_
- 4 h: .
+ "’f-v B ] ]’\lb
_:" \VQ"' - hf - "\rc
h 5 "\f(,
ho 5 hoe
Common Emitter Configuration
(inverting configuration, provides voltage and current gain)
- ¢ h - parameter equations:
08 | v
Y P S L1V, hle‘l+hV\
oo el —he +h (VT ol free
“ Detailed Mode -,
_ e o
\.\ E \ Vee ¥, :e @_ﬂ
(S | é
\Y Vie lie h ‘l.) fe ,ge ce
o—h \l Yl - pen
-~ o - E
. 66/#-)”4&.&
Typical Data sheet parameter values Slmpllfled Model J&f< 1y
h., ~1600 Q '
h. =0.0002
h, =80
h,. ~20.10°° Siemens

1
Jo

Instructor: Nasser Ismail
Summer2020-2021
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Common Emitter and Common Collector
Configuration

Instructor: Nasser Ismail
Summer2020-2021 9
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de comat — fram de

A LR 478
d N

Value of hie — fiud frion
dc pvy\z/l‘a’( '§
Base Emitter is a pn junction similar to a diode
hie Is the dynamic resistance of the pn junction

In a diode: = Ve _
S

lgo dc valueof base current
I, dc valueof collector current

V, =25.69 mV @ 25°C

Instructor: Nasser Ismail
Summer2020-2021 10
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Common Collector.

(provides current gain and no voltage gain)
— —_—

Same Model of Common Emitter will be
used due to the similarities between them
and for simplicity

Yo

. Ac Output
Ac input from Vbe . X
base side l I fromslijrgmer Samec &S
) o -OE -—rsJ C E

Instructor: Nasser Ismail
Summer2020-2021
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Lo Common-Base Configuration
h\pl»/l’ —E _Z — ¢ — 'O»J—wa
+ ; ¥ Le \.d]
Veb i vcb < E F
1, \
> ° B °
E—> \| @-) C
+ h ;W-\' — 1 / h - parameter equations :
Veb hrbvcb ¢ - hﬁfe %hﬂb Veb Veb = hib\ ) Ie + hrb ) Vcb
o \\_/ o Ta: hfbm+ hop - Ve
B \J —
his :h hy = Ver X +
N IE Veg =0 VCB I =0 —l)(
| A
| h, =—_¢ 1Syt
g, :@:I_c vl %) 'S
“E IVep =0 c

Instructor: Nasser Ismail
Summer2020-2021
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Common-Base Configuration
i (pr(%vides current gain and some voltage gain)
e — ¢ R i
> 2 —— C

Simplified Equivalent Circuit ¢ B

© X

) C
+ A
veb h:’b hﬂ,fg Vcb
o 71 : N
=\
Wy oK

Instructor: Nasser Ismail
Summer2020-2021
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Common-Base Configuration

h. Vi / \\{-(,: V—-—,T:"
EQ LBQ
\m'e: -\-I—I—”
V. =25.69 mV @25°C

?4\
l’u( — \}’ BMJ

hie = H(l%ﬂ)

Instructor: Nasser Ismail
Summer2020-2021
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oA
(el SS”
MIS
u/
BJT Amplifier@nalysisj
When Analyzing Amplifier Circuits, we usually
want to fi me or a foIIowing .
quantities withyand gvithout Rs: y,
0/"'” 1) Av=Vo/Vi, small signal voltage gain Av = %—Y—
:,r'-q‘wl 2) Ai=io/ii, small signal current gain &4
:;,M“ 3) Zi Input Impedance-— ,
Vv' 4) Zo Outputlmped%nce
%
j o
("b

.

Instructor: Nasser Ismail
Summer2020-2021
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, Q{_/ ’Cr”fj (Jea,!-fu/;',/zJ)

o,c gouv(es a~€
—

C > Xe =J1— T >0 o
Ae = 5 are V-C/F ld}Ct “ba . '&
17

BJT Amplifier Analysis

Solution: (with Rs=0)
We draw the ac small signal equivalent circuit

Capacitors ==> replaced by short circuit
DC sources are killed

i Zi| E

— G :\I
Q hf I,
L .

g0 Must be calculated from DC analysis

hfb =ag=]1 —

Instructor: Nasser Ismail
Summer2020-2021




S7UECE. E _ de. m,%

DC Analysis
- ANalysis

! E,
—
DC Equivalent Circuit:
-Cap ==>open
-Kill ac sources ==>
5kQ

+

1ovI'

10 =5k .1, + Vg,

~ 10-0.7

N e
) Vi | 2569mV _ o0,
I,/ 186mA ~———

—1.86 mMA

I
e
I,

lg

l
4KQ)
T 12v

Instructor: Nasser Ismail
Summer2020-2021
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Ac ss equivalent circuit
Zi i Zo
1) AV = V_o L | i -
Y b T
vV =1.4kQ .
0 0 - /7VI @ hib § hﬂ) le
I =h_. 5kQ v,
o = Mok T kol ek
I =i = = l - RBeW
*h, - L
A =-20—_20 i_O I_e 1
S = ()
ib
_(4kQ) (1).(Lj2286>1
13. 7\-—'
(V3 /‘/’“fc j“'ln
Instructor: Nasser Ismail
Summer2020-2021 18
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Current Gain Al

(1)( 5kQ )1
5kQ+13.98) —

Instructor: Nasser Ismail
Summer2020-2021 19
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T AMP'Q‘)C’;// Cow-flfwaﬁna} LI"lg’Z.,z,l

Y

b
. D heb.
.' \"f'e Lb ' f Le
Gunu,ul'

Zi & 20 ¢, Lshon

3) Input Impedance

‘o7
Le ' I
2 =(h, /I5kQ)=| T2 K |~ e /&
— 5kQ+h, \ %
X_‘J (3N 2 ni —
4) Output Impedance k Z_ ']. = )
_ le—>0 ,Mb-ie 0|2,
0 lall independant sources killed (i.e. Vi=0 or short) - ‘_I_(_% ;’ ¢ ﬁ

Instructor: Nasser Ismail
Summer2020-2021 20
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La, Le

Cw hi'b
A p
. ST
le =47 X TF7 b

ForRs=50Q
A, =625 «—
For Rs =10 kQ
A, =04 <«

1\@324"‘?\’

Instructor: Nasser Ismail
Summer2020-2021
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%‘f- — Py 2 /
Lo Ay Ze
L,
Example: Common Emitter (CE)
1) From DC Analysis, Base

V [ }
h =-L % §
ie @ \‘_'f v/
) <L

é‘- Cuvvl-v,’

Thevenin's equivalent circuit
as seen from the base

10 kQ
10 kQ+50kQ

TH

we find Q - point and value of &

R.. —10kQQ/5kQ =8. 33\_/
1o

g3 IL ) 5
L L& = V% - 0
Qe+ Lt = s ﬂe(@+'1,
OF -2 = M
\A,;: , Fl Re= =~ — 5 et 2 zr..((o )
! = ’ $5z * base 7"’”"/‘“'/' Cvemi?t
Te-@ 2~ A’/

-
g (@2 Le(p )
Instructor: Nasser Ismail
Summer2020-2021
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Te

o Rl N 7/13/2021
Lp 1. = Vo -0+ .
£ = [
£
J1g )
220 of B eV 7’“"/*/04
\ e Cwerd t

B
S+l
W— .
VBe
. ' o7v
VTH ——
4V e R4
2.2kQ)

/4

4=833KQ. 1+ Vg +2.2kQ. 1,

But, I =1+ p)l;
Solvefor I = 833 kgo.7 =1.4mA
: +2.2kQ
(1+50)
h, - V;  25.69mV _ 9280
lgg 14mMA
51

Here we have base reflected to emitter
I, = 1. =(B+1)l,

RB
p+1

Ry =

/

Instructor: Nasser Ismail
Summer2020-2021
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RTH Here we have emitter reflected to base

W—.

) Ty
VTH__# Is
it %Rd(ﬁﬂ) R = Relp+1)_

/

Instructor: Nasser Ismail
Summer2020-2021 24
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NG
U
J . =
™ Iz| B _, — < |Zo { _%@.
Fog o RN
R g Y TR
A ) 3 \
1)AV:7i AV=V_0=/%]@ Re N8,
| 22 s
v, ==h. i, (RJR;) =—hf.(R3//R7).[ij Vot
¥e,___./ hie ; ‘%00
i /_/_50 ERE 7
| = -50.(3.8kQ//1kQ)| —— |=242.7
: 928Q) -~

Instructor: Nasser Ismail
Summer2020-2021 25
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AC small signal Equivalent Circuit

P S %@* &
&

2) Z, =Rq,llhy
— =
_saskalesa -9 'L‘ (e.
only elements to the right of arrow are considered
according to the given direction of the arrow

3Z,| o =3.8kQ '
all independant sources killed (i.e. Vi=0 or short) \_/ (1.1 ‘Lu: . %4
e

hereh,,.i, =0 sincei, =0 (vi=0 -Kkilled) —=

Instructor: Nasser Ismail
Summer2020-2021 26
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AC small signal Equivalent Circuit

4
+
vbeh

10'@% 8. 33kQ % -

Instructor: Nasser Ismail
Summer2020-2021
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) P&J"‘ V
. \G(/ &
Lb =) Le 7 Q\j/#d H ,..,\I'l*’/
Le = B1) Lo 15*‘;“ %M"
V= Le— o "

Eti
Impedance R_eflecti%n Concept

vlv2v3 are all
ac sources

ac ssl/quwalent circuit

+ ri gl (I_CC R3 i bUt‘_I_g_:(ﬂ_Fl)._g,
I T v=Ri,+h.i,+ R(B+1)i, +V
Ls
i, = LY, <= base loop

— Roth,+ R,(f+1)

/ EQUIVBJEI’]t circuit equatlon .
y -

Instructor: Nasser Ismail
Summer2020-2021 28
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F—-'\-,Cc

i, = LY < base loop
e RN AR ————

equivalent circuit equation

Eoﬂcch ow g"w- gv‘t Her
45

Dale

@ Le —3 b ﬁﬂ)

Instead of i, use(i, )
. v, —V,

e

< Emitter loop

(5+1) (pe) "

equivalent circuit equation

Ref lectron f’f"‘ base

‘lh“ ﬁM'Hb/L'b':—'-D

Instructor: Nasser Ismail
Summer2020-2021
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rb‘“R

fe\‘%

base equivalent circuit

(reflection from emitter to base)

Here we must change i, to i, which
requires division by (hfe +1), but voltage

R2(B+1)
must remain the same and thus the

l
b
'l' resistance must be multiplied
by the same factor (h ot 1)

Emitter equivalent circuit

(reflection from base to emitter)

Here we must change i, to i, which requires
multiplication by (hfe +1), but voltage must
remain the same and thus the resistance must
be divided by the same factor (hfe +1)

Instructor: Nasser Ismail
Summer2020-2021 30
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Collector Equivalent Circuit

Note: there is no reflection from emitter to collector or
vise versa since the ie and ic are almost the same

; amost th same
N

/L

Instructor: Nasser Ismail
Summer2020-2021 31
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Common Collector Amplifier

wWee =3\ Glven
h,=1kQ
he=B=50 «

) Find Av, Ai, Zi,Zo

> Flm:l'l"_’s AC small signal Equivalent Circuit
+
Vo (s ) ?

Vs

Instructor: Nasser Ismail
Summer2020-2021
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Ly
— v, s Z,
¢, Vi
Z;+K|

R, =20KkQ// 250 kQ
o )
et s, 3 @

,,g/,/— Ys )

. Rs +(RTH //(hie +1kQ(hy, +1)»l
~— [ B

" R / 1
~ (1kQ) (h, +1>( ( ][ R, +(Ry, /I J

R, )+ (h +1kQ(h +1)) h, +1kQ(h, +1)))

=0.915<«1
~———

/ %C a,««ré%ptu 4!0 egp.‘/' P,/adtclé

Instructor: Nasser Ismail
Summer2020-2021 33
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_e

I I

i
I

_b
I

RTH

.
_—

:lhm+1{
RTH

+ [hie + 1k (hfe +1)]

|

=13.39>1

—_—

Instructor: Nasser Ismail
Summer2020-2021
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Rz, @
3)2, =(Ry, /0, +1k(n, +1) =
=13.66 kQQ (high) |

Emitter Equivalent Circuit

&V, =0 —)

Z, oo = ((R Ry )+ b //1kQ]

h,+1)
@ hfe+1)
= 36 8Q (low)

Instructor: Nasser Ismail Z

Summer2020-2021 35
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Lis

/ $/8 /1 02|

£ile

e

CC Amplifier as a Buffer

» The value of load resistor RL affects the voltage gain Av,
» This effect is called loading effect and can be substantial

+
CE
! Amplifier Rug Vo

h, =10000)

hﬁ:140

» A buffer (interface) can be used between the amplifier and
the load to reduce this loading effect and keep the high gain

« CC Amplifier is also known as Emitter Follower

Instructor: Nasser Ismail
Summer2020-2021
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CC Amplifier as a Buffer

» The buffer must have the following characteristic:

A, =1
A >1
Z, >>high

Z, <<low
« The above characteristic are present in the CC amplifier
the load to reduce this loading effect and keep the high gain

zi Zo0

Lo
! CE Buffer *
Vi Amplifier Vo
) (CC Amplifier) Re
7, =1000Q 1, ~ 1
'L"_re:MO 4, > 1

Instructor: Nasser Ismail
Summer2020-2021
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Vi

Example

* First we consider effect of load (RL) on amplifier voltage gain
+ Then we use a buffer and see its effect on reducing effect of RL
+Vce

RL

- +

1) with R, = oo
v :_hfeib'(RC)

0

Ay :\\//_?:(_hfeRc)hi_:_lA'O

2)with R, =50Q

Y/ 1
A, =-2=(-h R, /IR )— =687
Vi hie
Av have been reduced from -140
to -6.87

Instructor: Nasser Ismail
Summer2020-2021
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Amplifier + Buffer + Load

Now let us look at the new circuit with the buffer

+Vce +Vee
@

|
I
|
|
I
|
hfe1=140 : hfe2=140
hie1=1kQ | hie2=2.24kQ
Stage 1 I Stage 2

Instructor: Nasser Ismail
Summer2020-2021
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ac ss equivalent Circuit

Bl — a

Vi$ RT'% hm% @hfelibl % T E%ZK% By . hfeiibi J'Sng’z
- -  El l - +
. Re2 vo
Vo = Iez' (REZI/RL) 330> -

ie2 = ib2 (1+h fe2)

o (R.,//R,,)
v o ((Rc1 I RBZ)+ (hiez + (REZ I R, )(1+hf62)))
Iy =r\]/_i

L avVe Yo B By By gg g

Vi Ie2 Ib2 Ibl Vi

This is much better than the case without buffer

Instructor: Nasser Ismail
Summer2020-2021 40
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Multistage Amplifiers .5 <"

hiez=140

he1=140 |
I

hel=1ka

Stage

« The previous example of a CE amplifier with a CC buffer
is an example of a multistage amplifier (two-stage
amplifier)

» Multistage amplifiers can be used to get more gain and
to improve the performance of the amplifier

« These amplifiers such that the Output of first stage is
connected to input of second stage

« Capacitor C3 is a decoupling capacitor that separates
the two stages for DC bias point stability, this makes the
two stages completely separate in DC analysis and their
Q-points are not affected by each other

« C2is used as a bypass capacitor for stage 1 and allows
stabilization of the Q-point, if C2 is removed the input
impedance of the amplifier can be improved

Instructor: Nasser Ismail
Summer2020-2021 41
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Cascaded Systems

amplifier

gains of the individual stages

 The DC bias circuits are isolated from each other
coupling capacitors

» The AC calculations for gain and impedance are
interdependent

cc Ve
|
I
R | R
D | 2 el
200
s
e s
o |
| R RL
vi 330
Rl |
20, !
B! |
|
| ’
|

SSSSS

» The output of one amplifier is the input to the next

* The overall voltage gain is determined by the product of

by the

» The DC calculations are independent of the cascading

Instructor: Nasser Ismail
Summer2020-2021
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R-C Coupled BJT Amplifiers

Voltage gain:

A=A A,

Input impedance,
first stage:

Zi = Rl ” Rz ” hiel

Output impedance,
second stage:

Instructor: Nasser Ismail
Summer2020-2021 43
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Darlington Connection

» The Darlington circuit provides
very high current gain, equal to

the product of the individual R
current gains:

* Bo= B b B°‘—[ o, |
Q,

» The practical significance is that
the circuit provides a very high SE

input impedance.

Instructor: Nasser Ismail
Summer2020-2021
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Base current:

Emitter voltage:

Base voltage:

Ve
Ve

Emitter current:

KVL for input loop :

V.

cc _VBED

! R, + (3, + 1R,

BD:|B1:

ED
E2

B2

DC Bias of Darlington Circuits

0 +Vey

g2 = 1a (B, +D(6 +1)

EDZIBDIBD

|
|
|
IE1 1(ﬂ1+1)
|
|

VE =IEDRE |

Vg =V + Vg lep = 1oy
Veep =Veer +Vee, 1.4V

IRVV

Bl B

“ 1, R, =V, — 1, RE=0

Instructor: Nasser Ismail
Summer2020-2021
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Darlington Pair
0 +Ve Bl _
Cl
Vi h. .
. Rs iel h o1l
§R5 (l/( E1=B2 o EJ2;2 1
[C i, =i, l
- | 2 h:’eE hfezibz
Vi T E2
. in] |
I f_”_° ng <4
[l " Re 9 vo
§R_‘ Vo

Find Ratio of !Lzand A,

Ip1
ie2 = ibz(hfez +1)

|b2 - Iel
Iel = Ibl(hfel +1)

Iy = Iy (N +D(Nye, +1)'"
log = Nieglog
Nieg = (N + 1) (N, +1)

=~ h,h

fel' "fe2

= hf62 ! (If hfel = hfe2 = hfe)

Instructor: Nasser Ismail
Summer2020-2021

46



ENEE2360
BZU-ECE

7/13/2021

2)Find A, =0
Vv

E1=B2

; Bl —
Vo - IeZRE Vi RE hz’el
oo = Iy (Ney +D(hy, +1)
fglzfa:l
|, = i h:‘ez
bl —
Z

v

= +

Instructor: Nasser Ismail
Summer2020-2021
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Zi

h.

el

3)Find Z,

base equivalent circuit is needed E1=B2

i, =i, l

h,(1+ )

h,, = h,,((h,, +1) since it is reflected Re 1+ o)A +1]eo)

from emitterl to basel
RE = RE (hfel +:I')(hfez +1)

iel i

1)FromE2 to B2 (B2=E1)
2) FromElto Bl

sinceitisreflectedtwice o, 7 _p_4h_ (h,, +1)+Re(h,, +1)(h,, +1)

Instructor: Nasser Ismail
Summer2020-2021
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4)Find  Z,|\., Z0
Emitter equivalent circuit is needed
(ﬁ hiel
= L Re (1+hﬂalxl+hﬁa2)
pt
hy

i1+hf22|
i’ Z0o
Il% - notei,, =i, =0 e 2 ‘_‘|
Re S V. the two dependant
currentsources dissappear
hiel hie2

0= + I Re
(Ner DN, +1) (e, +1)

Instructor: Nasser Ismail
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Darlington Simplified Model

” B C
o—
B 0 § 1
1 h ieD feD I b
0
o
£ E

|eD — 2h

feD — hfel her

Instructor: Nasser Ismail
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Base To Collector Feedback

Exercise : Find Av, Zi and Zo
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( RFVi — hie (Vo _Vi)] ((RF + hie)_ hie Voj

R:-h,, i
_ ViRF hie — RF hie
- (Rev, —h (v, —V,)) (Re +h.)—h.A)
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